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There is considerable interest in drug discovery targeting the
aggregation of α-synuclein (αSyn) since this molecular process
is closely associated with Parkinson’s disease. However, inhibit-
ing αSyn aggregation remains a major challenge because of its
highly dynamic nature which makes it difficult to form a stable
binding complex with a drug molecule. Here, by exploiting
Random non-standard Peptides Integrated Discovery (RaPID)
system, we identified a macrocyclic peptide, BD1, that could
interact with immobilized αSyn and inhibit the formation of

fibrils. Furthermore, improving the solubility of BD1 suppresses
the co-aggregation with αSyn fibrils while it kinetically inhibits
more effectively without change in their morphology. We also
revealed the molecular mechanism of kinetic inhibition, where
peptides bind to fibril ends of αSyn, thereby preventing further
growth of fibrils. These results suggest that our approach for
generating non-standard macrocyclic peptides is a promising
approach for developing potential therapeutics against neuro-
degeneration.

Introduction

Alpha-synuclein (αSyn) is an intrinsically disordered protein that
self-assembles into amyloid fibrils, which are the major
components of the Lewy body representing a molecular hall-
mark of Parkinson’s disease.[1] Although inhibiting the aggrega-
tion of αSyn and their associated toxicity has been explored as
a major therapeutic strategy against Parkinson’s disease,[2]

effective or promising molecules that prevent the disease via
such an inhibitory action have not yet become available.

It is challenging to develop effective strategies to modulate
the formation of amyloid fibrils,[2a,3] because the mechanism of
protein aggregation is complex. A series of efforts to clarify the
mechanism for the formation of amyloid fibrils revealed that

there is a long lag time in spontaneous fibril formation and
rapid fibril formation by the addition of preformed fibrils,
suggesting a similarity with the supersaturation-limited crystal-
lization of substances.[4] In the case of αSyn, this process
involves the following three states, a highly disordered
monomeric state, a transient and cytotoxic oligomeric state,
and an ordered stable fibril state.[5]

For the inhibition of amyloid-β (Aβ) aggregation, which is
one of the hallmarks of Alzheimer’s disease, targeting the fibril
states is suggested as a strategy that suppresses the formation
of oligomeric species catalyzed by fibril surface.[6] Some
designed peptides have been shown that can cap fibrils to
prevent the addition of further monomeric units, which
antagonize the aggregation and reduce amyloid toxicity.[7] On
the other hand, targeting monomeric state of disordered
proteins, such as αSyn, is still challenging although it may affect
the initial step of aggregation and suppress the subsequent
formation of toxic species.[8] Monomeric form of αSyn is
intrinsically disordered and lacks permanent structure, thus
they do not readily lead to a conventional enthalpy-focused
mechanism of binding, as shown for Aβ.[9] The fibril state of
αSyn may also have difficulty in targeting because highly
charged N-terminus (1–37) and C-terminus (98–140) are not
well-defined by structural studies of fibril using NMR and cryo-
EM,[10] suggesting that a dense mesh of disordered tails
surround the structured core of fibril. These features have made
it difficult to achieve screening to obtain de novo binders
because they have to overcome large entropic loss upon the
binding.

Several peptides, such as engineered polypeptides inspired
by native amyloidogenic sequences, have been designed to
prevent growth of the fibrils. However, to our knowledge, an
αSyn-specific de novo peptide inhibitor, developed by exper-
imental approaches, has not yet been reported. Various
discovery strategies are currently available for the discovery of
cyclic peptides against given targets. The random non-standard
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peptides integrated discovery (RaPID) system[11] (Figure 1A) uses
the combination of messenger RNA display and genetic code
reprogramming facilitated by the flexible in vitro translation,
referred to as FIT, system.[12] This system enables the ribosomal
synthesis of extremely large (>1012 compound) libraries of
natural product-like macrocyclic peptides and rapid selection
based on binding to protein targets of interest. Even though we
witnessed a number of successful discoveries of various types
of proteins, including enzymes, membrane proteins, secreted
proteins, and intracellular proteins involved in protein� protein
interaction, we had not yet applied the RaPID system for
selecting macrocycles against a highly dynamic protein that
self-aggregates. However, since the conformationally restrained
structure of such macrocycles would lead to a relatively small
entropy cost upon binding and achieve potent binding affinity
and high specificity,[13] we envision that this approach may yield
adequate macrocycles capable of interfering with the
protein� protein interaction occurring in the aggregates, poten-
tially yielding an inhibitor for the fibril formation.[14]

Results and Discussion

RaPID selection of macrocyclic peptides against monomeric
α-Syn

We performed the RaPID selection to identify macrocycles
based on their ability to interact with αSyn (Figure 1A). A
puromycin-ligated mRNA library was constructed to encode
macrocyclic peptides with N-chloroacetyl-L-Tyrosine (LY-library)
or N-chloroacetyl-D-Tyrosine (DY-library) as an initiator followed
by a random peptide region consisting of 4–9 residues or 10–15
residues, followed by cysteine and ending with a short linker
peptide; and thus, a total of four different libraries were used
for this selection campaign. Upon translation of these mRNAs,
the chloroacetyl group on the N-terminus of the linear peptides
spontaneously cyclizes with their downstream cysteine to form
thioether-macrocyclic peptides. The respective macrocyclic
peptide was covalently linked to the cognate mRNA template
via the puromycin linker for cDNA synthesis followed by PCR
amplification. Each library was applied to the protein-free
magnetic beads to remove background nonspecific binders,
and then to αSyn tagged with His6 at the N-terminal region
immobilized on the magnetic beads to enrich specific binders
to the monomeric state of αSyn.

We performed the RaPID selection using the aforemen-
tioned four libraries, but to our surprise, only DY-library
consisting of 10–15 random residues yielded a successful
enrichment of active species selectively binding to the immobi-
lized αSyn over the background (Figure S1). In other libraries,
nonspecific binders to beads were dominated in enrichment. In
our many selection cases in the past, we often succeeded in the
enrichment of active species from both DY- and LY-libraries, so
this was a rare case. Nevertheless, sequence alignment analysis
of the 7–10 rounds of the enrich species in DY-library revealed
four converged classes of macrocyclic peptides were shown in
Figure 1B, and we selected a peptide, BD1, for further experi-
ments based on two reasons; (1) it has the most converged
sequence, and (2) the highest ‘theoretical’ score of water
solubility. BD1 was chemically synthesized and its solubility in
PBS buffer was verified by means of turbidimetry, far-UV circular
dichroism (CD) spectroscopy, and atomic force microscopy
(AFM) (Figure S2A–C). The results showed that BD1 does not
form any large assemblies under the conditions where αSyn
could form characteristic fibrils.

BD1 delays the fibril formation of αSyn and changes the
aggregation morphology

The aggregation pathways of disordered proteins have been
classified into two types, amyloid fibril formation and non-
amyloidogenic aggregation. The kinetics of amyloid formation
are typically separated into nucleation and elongation phases.
The nucleation phase is the duration which is observed as a lag
time and is often long because of its high energy barrier. Once
nuclei of fibrils are formed, the elongation of fibrils proceeds
quite rapidly. Non-amyloidogenic aggregation, e.g. amorphous

Figure 1. In vitro selection of noncanonical cyclic peptides against αSyn by
RaPID system and selected macrocyclic peptides. (A) Overview of RaPID
system for macrocyclic peptides. Messenger RNA libraries containing a
random sequence domain, (NNK)4–9 and (NNK)10–15, were transcribed from
the corresponding cDNA library and conjugated with an oligonucleotide
bearing puromycin. The resulting mRNAs were translated by the FIT system
in the presence of the appropriate aminoacyl� tRNAs prepared by flexizymes.
Linear peptides displayed on the individual mRNAs were spontaneously
cyclized after translation, resulting in macrocyclic peptides being displayed.
Reverse transcription was performed before selection. The peptide libraries
were then subjected to (His)6-αSyn immobilized on magnetic beads, and
binding species were isolated. The cDNAs on the binding mRNA� peptide
fusion were recovered and amplified by PCR. (B) Peptide sequences were
identified from the pool in round 10.
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aggregation, is formed without a lag time; therefore, it generally
competes with the slow nucleation-dependent amyloid forma-
tion, producing kinetic complexity of amyloid formation
process.[15] In order to investigate the effect of BD1 on the fibril
formation of αSyn, we next carried out standard in vitro assays
using the fluorescent dye thioflavin T (ThT) as an amyloid-
sensitive probe and 8-anilino-1-naphthalenesulfonic acid (ANS)
as a probe for amorphous aggregates. The hydrophobic probe
ANS can also stain amyloid fibrils. The fibril formation of αSyn
at the concentration of 100 μM was monitored in the presence
of various molar ratios (from 0.01 to 1 molar equivalent) of BD1
at 37 °C (Figure 2A–C). We then confirmed the formation of
fibrils by means of far-UV CD spectrometry and AFM (Figure 2E,
and F). BD1 clearly affected both the spontaneous fibril
formation of αSyn (Figure 2A) and the growth reaction
examined by seeding experiments using 5% seeds of αSyn
fibrils (Figure 2D). Moreover, BD1 was able to expand the lag
time derived from the half-time of aggregation (t1/2) (Figure 2B),
implying that it affected the early phase of fibril formation.
Furthermore, the apparent growth rate of fibril in the seeding
experiment was reduced by an increase in the BD1 concen-
trations (0.02–1.0 molar equivalents, Figure 2D), indicating that
the growth phase of fibrils formation was also inhibited by BD1.

We also compared the intensity of ThT and ANS in the
presence of various concentrations of BD1 (Figure 2C) and the
individual ThT and ANS fluorescence profiles (Figure S3A). BD1
affected the ThT intensity, but did not affect ThT signal nor
interfere with the ThT binding to fibrils (Figure S3B). In the
presence of BD1 below 0.2 molar equivalents, the magnitude of
the ThT fluorescence decreased as the concentration of BD1
increased, whereas the initial ANS fluorescence increased at 0.5
and 1 molar equivalents of BD1 (Figure 2C). These results
suggest that the binding of BD1 to αSyn at a concentration
greater than 0.5 molar equivalents possibly induces a morpho-
logical change into amorphous aggregates accompanying the
characteristic feature of rapid aggregation without lag time.[15]

Indeed, far-UV CD spectroscopy (Figure 2E) and AFM (Figure 2F)
after each incubation at each concentration of BD1 tested
showed a morphological transition from fibrillar to non-fibrillar
aggregates at 0.5 and 1.0 molar equivalents of BD1. This
disturbance of such fibril structures could be caused by the
incorporation of BD1 into the αSyn aggregates.[16] On the other
hand, a concentration of BD1 lower than 0.5 molar equivalents
kinetically delays the fibril formation.

Figure 2. Modulation of the aggregation process of αSyn by BD1. (A) ThT kinetic profile of αSyn aggregation with shaking at a concentration of 100 μM in the
absence and the presence of various concentrations (1–100 μM) of BD1 (represented by different colors). Representative profiles of three replicants are shown.
(B) Half-time (t1/2) of spontaneous aggregation at each concentration of BD1. The t1/2 value at 50 and 100 μM was not available because ThT fluorescence
intensity did not show any increment in this time scale. Error bars of arithmetic averages represent STD. (C) Normalized maximum ThT (red bar) and ANS
(black bar) fluorescence intensity and initial ANS intensity (blue bar) at each BD1 concentration represented in the unseeded aggregation profile. (D) Seeded
aggregation assay in the presence of 5% αSyn fibrils at a concentration of 50 μM αSyn under quiescent conditions with various concentrations of BD1. (E, F)
Structural feature of αSyn aggregates formed at 100 μM in the presence of various concentrations of BD1. Far-UV CD spectra (E) and AFM images (F) of αSyn
aggregates formed in the absence and presence of various concentrations of BD1. The scale bars on the AFM images indicate 1 μm and scale exhibited at the
left represents the height.
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Solubility tags attached to BD1 enhance its inhibitory activity
for the aggregation of αSyn

In order to avoid co-aggregation of BD1 with αSyn and unify
the inhibition mechanism into kinetic inhibition shown at low
concentrations of BD1 (Figure 2), we prepared peptides with a
solubility tag, BD1� GKKK at the C-terminus (Figure 3A). Because
the C-terminus of BD1 was originally attached to a (GS)3-linker
followed by mRNA via puromycin (Figure 1A), the modification
of this site would not interfere with the binding ability of BD1
to αSyn, expecting that the tag only contributes to the
solubility of BD1. Solubility of BD1� GKKK was first evaluated by
turbidimetry, demonstrating that their solubility in PBS buffer
increased by the tag, particularly at higher concentrations
above 100 μM (Figure 3B). We then analyzed the effect of
BD1� GKKK on the formation of aggregates/fibrils of αSyn and
their morphologies by ThT assay and AFM, respectively (Fig-
ure 3C). In the presence of 10–100 μM BD1� GKKK with 100 μM
αSyn (0.1–1 :1 molar ratio of BD1� GKKK:αSyn), the formation of
αSyn fibrils was completely inhibited even in the presence of
10 μM. The AFM images taken in the presence of 10, 20, 50, and
100 μM, indeed indicate that no large aggregate is formed
under these conditions. These results suggest that the inhib-
itory effects of BD1 upon αSyn fibril formation would vary
depending on the aggregation of BD1 itself.

We also monitored the aggregation of insulin and Aβ40 in
the presence of BD1� GKKK, showing nearly no change in
aggregations (Figure S4A, B). This indicates that BD1� GKKK is a
selective inhibitor of the formation of αSyn fibrils. Moreover, we
scrambled the sequence of BD1� GKKK (scrBD1� GKKK) and
tested for the inhibition of fibril formation (Figure S4C, D). As
expected, scrBD1� GKKK did not show any inhibitory effect for
the aggregation, indicating that the specific sequence of BD1
plays a critical role in exhibiting the inhibition.

Characterization of the interaction of BD1� GKKK with
monomeric αSyn

We next conducted NMR studies on the interaction between
αSyn and BD1� GKKK in order to get a better understanding of
the mode of their interaction. We first took 1H-15N HSQC spectra
of 100 μM of 15N-labeled αSyn in the presence and absence of
100 μM BD1� GKKK (Figure S5A). These spectra showed nearly
no chemical shift perturbation (Δδ) of the respective cross-
peaks (Figure S5B), suggesting that the interaction between
BD1� GKKK and αSyn is rather weak even though 10 μM of
peptide completely inhibits the fibril formation. A similar
observation of lacking chemical shift perturbation has been also
observed for small compounds known to interact with
αSyn.[6b,c,9a,17]

Next, we performed electron spin resonance (ESR) measure-
ments to elucidate the interaction of BD1� GKKK with the fibril
state of αSyn. We replaced the G residue of GKKK with cysteine,
referred to as BD1� CKKK, in order to attach a nitroxide spin-
label, (1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl)methyl methane-
thiosulfonate (MTSL) at the sidechain thiol. The ESR measure-
ments were performed at 25 μM BD1� C*KKK (* denoted S-MTSL
group on the C’s sidechain) in the absence and presence of
100 μM monomeric or fibril state αSyn (Figure 4A). The data
showed no change between the spectrum of BD1� C*KKK in the
absence and presence of monomeric αSyn, which is consistent
with the results of NMR indicating the absence of strong
interaction. However, the ESR spectrum in the presence of αSyn
fibrils showed the existence of strongly immobilized species,
suggesting that BD1� C*KKK bound to αSyn fibrils. We esti-
mated the population of immobile species from the spectrum
from which the monomeric spectrum was subtracted to be
93.0% BD1� C*KKK bound to αSyn fibrils.

Figure 3. A solubility tagged BD1 peptide that inhibits αSyn fibril formation.
(A) Amino acid sequences of BD1� GKKK. (B) Turbidimetry of BD1 (black) and
BD1� GKKK (green) monomers at various concentrations (10–200 μM). (C) ThT
kinetic profile of formation of αSyn amyloid fibrils at 100 μM in the absence
and the presence of various concentrations (10–100 μM) of BD1� KKK.
Representative data are shown on each ThT assay from 5 replicates. All
profiles in the presence of BD1� GKKK (red, orange, green, and blue)
indicated no increase and overlapped with data points of 10 μM (red).
Representative AFM images of formed aggregates are shown on the right.
The scale bar on the AFM images indicates 1 μm and scale exhibited at the
right represents the height.

Figure 4. Interaction between BD1� GKKK and fibril state of αSyn. (A) ESR
spectra of MTSL labeled BD1� C*KKK in the presence of monomeric (black
dashed line) and fibril (red solid line) state of αSyn. Subtracted spectrum is
shown in a blue solid line. (B) ITC thermogram of titration of BD1� GKKK to
αSyn amyloid fibrils. (C, D) TEM images of amyloid fibrils of αSyn in the
absence (C) and presence of BD1� GKKKCglod (D). Black dots localized around
fibrils in D show the 5 nm gold nanoparticles which are labeled with each
peptide while the sample shown in C contains the same concentration of
gold nanoparticles without peptides. Scale bars represent 100 nm each.
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To estimate the binding affinity of BD1� GKKK to the fibril
state of αSyn, we performed isothermal titration calorimetry
(ITC) (Figure 4B). A dissociation constant (KD) was estimated to
be 4.7 μM with a small negative binding entropy, which can be
obtained by combining with ΔH value calculated from the peak
area (ΔGapp= � RTln(1/KD)=ΔH � TΔS) (Figure S5C).

To this end, we wanted to confirm the localization of
peptides on the surface of αSyn fibrils by means of transmission
electron microscopy (TEM). To visualize the position of
BD1� GKKK peptide in the TEM images, we added a cysteine
residue at the C-terminus BD1� GKKK, BD1� GKKKC, which was
labeled with 5 nm of gold nanoparticle (BD1� GKKKCglod). The
representative TEM images of fibrils in the presence of the gold
nanoparticle alone (Figure 4C) showed no localization of the
surface of αSyn fibrils. On the other hand, the BD1� GKKKCglod

clearly localized on the surface of αSyn fibrils (Figure 4D). The
data suggests that the BD1� GKKK peptide interacts with the
surface of αSyn fibrils, resulting in the inhibition of the growth
of fibrils.

Kinetic analysis of fibril formation of αSyn

To obtain more insight into the microscopic steps of αSyn
aggregation affected by BD1� GKKK, we next applied a kinetic
analysis to seeding experiments. Since the number of reactive
fibril ends should not be influenced by quiescent conditions,
we have applied a simplified reaction model which is analogous
to competitive inhibition of enzyme catalysis[18] (Figure 5A, see
the Supporting Information) where ki and kid are the rate
constants for association and dissociation of BD1� GKK to active
fibril end, respectively, while kf is the rate constants for
elongation of the fibril. Here, based on the result of interaction
analysis, we assumed off-pathway intermediate is a state that
the elongation terminus of fibrils is capped with BD1� GKKK, as
shown by αSyn[18a] and other amyloidogenic proteins.[19] If the
blocking of fibril end by BD1� GKKK is a fast equilibrium process,
the fibril formation rate is determined by the equilibrium
concentration of free fibril ends (Supporting Information). Using
this inhibition model, a fitting equation (1) was constructed:

F½ � tð Þ ¼ M½ �0 1 � expð� kf ½E t� Þð Þ (1)

where [F] and [M]0 are the concentration of the monomeric
form and fibrillated form of αSyn, respectively, and [E] is the
equilibrium concentration of active fibril ends. We thus
evaluated the changes in the parameter [E] by fitting the
aggregation curves.

The elongation profiles of 50 μM of αSyn in the absence
and presence of various concentrations of BD1� GKKK (1–
100 μM) were generated by the addition of 5% seeds of
preformed fibrils (Figure 5B). Since the rate of fibril elongation R
is proportional to the concentration of active fibril ends (R=

kf[E][M]), the ratio of the reaction rate in the presence and the
absence of BD1� GKKK (R/R0) is equal to the fraction of active
fibril ends (R/R0= [E]/[E]0=KD/(KD+ [BD1� GKKK])), where KD is
the dissociation constant (see the Supporting Information). The

kinetic data obtained using the above fitting model indicated
that the growth of fibrils was decelerated in the presence of
BD1� GKKK (Figure 5C). The magnitude of ThT intensity reached
almost the same value at the end of the reaction below
0.5 molar equivalent of BD1� GKKK, implying that there could
be no morphological change of aggregates that would affect
the growth rate of fibrils. Above 0.5 molar equivalent of
BD1� GKKK, the magnitude of ThT at the end of the reaction
decreased (Figure 5B). We expected that the decrease of free
monomer concentration of αSyn has occurred at high concen-
trations of BD1� GKKK presumably caused by the formation of
small irreversible complexes of αSyn and BD1� GKKK which is
out of the reaction model in Figure 5A. Indeed, with individual
AFM images of the initial state of each solution, we confirmed
small assemblies were formed in the presence of 2.0 molar
equivalent of BD1� GKKK (Figure 5D). Histogram of height
represents the distribution of oligomer-size assemblies (<2 nm)
in the presence of BD1� GKKK (Figure 5E).

Taken together, we propose two possible inhibitory mecha-
nisms, a kinetic inhibition suppressing the rate of αSyn
aggregation and a thermodynamic inhibition redirecting the
αSyn fibril formation process to the formation of modified
aggregates species. At a low range of concentrations of
BD1� GKKK (0.02–0.5 molar equivalent), it can prolong the lag
phase of αSyn aggregation (Figure 3C) and decelerate the
elongation rate of αSyn fibrils in a concentration-dependent
manner (Figure 5B, C). By contrast, at a higher range of

Figure 5. Kinetic analysis of elongation of αSyn fibril inhibited by BD1� GKKK.
(A) A reaction model representing the interaction of BD1� GKKK and
elongation of α-synuclein fibril. (B) Kinetic profile of seeded aggregation
assay in the presence of 5%α-synuclein fibrils at a concentration of 50 μM
αSyn monomers under quiescent conditions with various concentrations of
BD1� GKKK. (C) Relative rates of fibril elongation at various concentrations.
(D, E) AFM images of the initial state of αSyn in the absence and presence of
BD1� GKKK (D) and histogram of the height of assemblies (E). Fitted Gaussian
curves are drawn as eye-guide. The curve for the blue histogram is created
with the multi-peak fit.
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concentration, αSyn seems to form non-fibrillar aggregated
species rapidly (Figure 5D, E), resulting in a reduction of the
mass of fibrils. Based on the observation that BD1� GKKK binds
to the surface of αSyn fibrils and inhibits fibril growth (Figure 4,
5), we conclude that the kinetically trapped off-pathway
intermediate formed by the addition of BD1� GKKK is a state of
αSyn fibril whose the growth terminus of fibrils is capped with
BD1� GKKK, and thus interrupt subsequent monomer binding of
αSyn. Therefore, apparent expansions of the lag phase in the
spontaneous αSyn fibril formation appeared to be a result of
the binding of BD1� GKKK to an early species in the αSyn
aggregation process. In this inhibitory mechanism, the structur-
ally constrained macrocycle may be an appropriate scaffold
based on the fact that it can effectively block the propagation
of fibril structure by creating steric hindrance. Since the number
of active growth termini of fibrils should be lower than the
number of monomeric species, the inhibition could occur at
low stoichiometric concentrations. This low stoichiometric
inhibition manner would favor the maintenance of protein
homeostasis in the cell.

Cellular effects of BD1� GKKK on deposition of αSyn
aggregates

We further evaluated the effects of BD1� GKKK on the formation
of αSyn aggregates in the mouse Neuro-2a (N2a) cells. When
αSyn with GFP fused to their C-terminal were stably expressed
in cells (N2a� αSyn� GFP), and theαSyn fibril seeds aggregated
the endogenous αSyn� GFP, resulting in the formation of visible
green dot signals inside of cells (Figure 6A). Prior to such
aggregation assays, we tested the cellular toxicity of BD1� GKKK
in the N2a� αSyn� GFP cells by means of lactate dehydrogenase
activity (LDH) assay and cell counting (Figure S6). Incubation of
the cells with BD1� GKKK did not show cytotoxic activity in the
range of 1–30 μM. In the absence of BD1� GKKK, αSyn� GFP in

the cells was condensed by transfection of pre-formed fibrils
(PFF), whereas cells treated with BD1� GKKK showed less
condensation of αSyn� GFP (Figure 6B). Their fluorescent images
clearly showed a significant decrease in the number and area of
fluorescent dots in a BD1� GKKK concentration-dependent
manner (Figure 6C), suggesting that the amount of αSyn
assemblies was reduced. These results suggest that BD1� GKKK
inhibits seed-dependent propagation process of αSyn aggrega-
tion in the cell system.

Conclusion

In this report, we have shown that the RaPID system using
thioether-macrocyclic peptide libraries has yielded a de novo
peptide BD1 that acts as an inhibitor against the fibril formation
of αSyn. Remarkably, it interferes with the αSyn aggregation
process at low stoichiometries. Furthermore, a solubility-tag
modified peptide, BD1� GKKK, enhanced the kinetic-based
inhibition and showed complete inhibition in the observed
time scale. A series of biophysical analyses have revealed the
molecular mechanism of kinetic inhibition where BD1� GKKK
binds with the fibril ends of αSyn and interrupts the growth of
fibrils. This low stoichiometric inhibition of the aggregation of
αSyn is consistent with our in vivo experiments using living
cells overexpressing αSyn. Accordingly, the RaPID selection with
macrocycle libraries will become a promising approach for
discovering binders not only αSyn but also other disordered
amyloidogenic proteins involved in diseases of the central
nervous systems.
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Figure 6. BD1� KKK inhibits the aggregation of αSyn� GFP in the N2a-
αSyn� GFP cells. (A) Preformed fibrils (PFFs) treatment induced αSyn
aggregation in the N2a-αSyn� GFP cells. Cell nuclei were stained with
Hoechst (blue). (B, C) The effect of BD1� GKKK against the PFF-induced
aggregation of αSyn� GFP in the cells. Representative fluorescence images of
cells (B) and the number of αSyn� GFP aggregates and the total area of
aggregates at various concentrations of BD1� GKKK (C) are shown. Cells are
incubated for 48 h after treatment with the PFF and the peptides. The data
represent the mean�STD for 12 replicates. The symbols *, **, and ***
indicate p<0.05, 0.01, 0.001, respectively.
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Although inhibition of α-synuclein
aggregation is an appealing
approach for the prevention of this
neurodegenerative pathology, the
development of a binder has been
yet challenging because of the disor-
dered nature of α-synuclein. Here, by
means of the RaPID system, we dis-
covered a macrocycle inhibitor for
the formation of α-synuclein aggre-
gation at low stoichiometries.
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